ABSTRACI'. We studied the effects of combined administration of human immunoglobulin (IVIG) and ribavirin aerosol on respiratory syncytial virus (RSV) infection in cotton rats (Sigmodon hispidus). Cotton rats assigned to receive combined therapy were administered Gamimune, a preparation of purified IVIG with a high titer of anti-RSV neutralizing activity, intraperitoneally 24 h prior to intranasal RSV challenge and then treated with ribavirin aerosol 3 days after challenge. Lung viral titers from these cotton rats (geometric mean titers [GMT] loglo = 0.15 f 0.5) were lower than titers from untreated animals (GMT, loglo = 3.7 f 0.6) and animals treated with either IVIG alone (GMT, loglo = 1.8 f 0.9) or ribavirin alone (GMT, loglo = 1.9 f 1.1). Only one of 12 cotton rats treated with both IVIG and ribavirin had a demonstrable titer of virus after RSV challenge. When IVIG administration was delayed until day 3 after virus challenge, lung viral titers were still lowest in animals receiving both IVIG and ribavirin. In comparison, there was no additive antiviral effect between IVIG and ribavirin against RSV infections of HEp-2 cells in vitro. Pathologic changes on histologic examination of pulmonary tissues from animals challenged with RSV were least prominent in animals treated with both IVIG and ribavirin. Despite the apparent absence of in vitro additive antiviral effect, combined use of IVIG and ribavirin was more efficacious against RSV infection in the cotton rat than use of either agent alone. (Pediatr Res 21: 270-274, 1987) Abbreviations RSV, respiratory syncytial virus IVIG, human immunoglobulin TCID50, tissue culture infections doses MEM, minimal essential medium SFU, syncytia forming units PBS, phosphate-buffered saline GMT, geometric mean titers serious RSV disease may require treatment with combinations of currently available therapeutic agents.
ABSTRACI'. We studied the effects of combined administration of human immunoglobulin (IVIG) and ribavirin aerosol on respiratory syncytial virus (RSV) infection in cotton rats (Sigmodon hispidus). Cotton rats assigned to receive combined therapy were administered Gamimune, a preparation of purified IVIG with a high titer of anti-RSV neutralizing activity, intraperitoneally 24 h prior to intranasal RSV challenge and then treated with ribavirin aerosol 3 days after challenge. Lung viral titers from these cotton rats (geometric mean titers [GMT] loglo = 0.15 f 0.5)
were lower than titers from untreated animals (GMT, loglo = 3.7 f 0.6) and animals treated with either IVIG alone (GMT, loglo = 1.8 f 0.9) or ribavirin alone (GMT, loglo = 1.9 f 1.1). Only one of 12 cotton rats treated with both IVIG and ribavirin had a demonstrable titer of virus after RSV challenge. When IVIG administration was delayed until day 3 after virus challenge, lung viral titers were still lowest in animals receiving both IVIG and ribavirin. In comparison, there was no additive antiviral effect between IVIG and ribavirin against RSV infections of HEp-2 cells in vitro. Pathologic changes on histologic examination of pulmonary tissues from animals challenged with RSV were least prominent in animals treated with both IVIG and ribavirin. Despite the apparent absence of in vitro additive antiviral effect, combined use of IVIG and ribavirin was more efficacious against RSV infection in the cotton rat than use of either agent alone. Previous studies have shown that parenteral inoculation of IVIG containing a high titer of anti-RSV neutralizing activity can provide significant protection in the cotton rat against RSV infection, (3) and significantly reduce the amount of virus shed from the airways of RSV infected owl monkeys (4). Ribavirin
( 1 -0-D-ribofuranosyl-1,2,4-triazole-3-carboxamide), a synthetic nucleoside that possesses inhibitory activity against RSV in vitro, has been shown to reduce the amount of RSV in lung tissue of experimentally infected cotton rats (6) and appears to exert a beneficial effect on the course of human RSV infection (7) (8) (9) . The present study evaluated the combined effect of IVIG and ribavirin on the quantity of RSV contained in lungs of experimentally infected cotton rats and the effect of this combination on histopathologic evidence of infection.
METHODS
Animals. Cotton rats (Sigmodon hispidus) used in these studies were derived from two pairs of animals obtained from the Small Animal Section, Veterinary Resources Branch, Division of Research Services, National Institutes of Health. Test animals were 2-3 wk old at the start of each experiment. All animals were maintained in cages with barrier filters and fed food and water a d libitum.
Experimental design. Animals were randomly assigned to receive IVIG alone (group l), ribavirin alone (group 2), IVIG + ribavirin (group 3), or no treatment (group 4). Animals designated to receive prophylaxis with IVIG (groups 1 and 3) were lightly anesthetized with ether and 0.5 ml of IVIG was administered intraperitoneally. Twenty-four h after administration of antisera, the cotton rats from all four groups were anesthetized with ether, bled from the retroorbital venous plexus, and challenged intranasally with lo4 median TCIDso of RSV. Three days after virus challenge animals in groups 2 and 3 were treated with ribavirin delivered continuously by small particle aerosol for 18 h. On day 4 after challenge, blood specimens were obtained, and lungs were harvested from each animal. Cotton rats that were treated with ribavirin were sacrificed 3 h after aerosol delivery RSV is the most important viral cause of lower respiratory tract disease in infants and young children (1) and is associated with significant morbidity in children with underlying cardiopulmonary disease (2) . Until an effective vaccine against RSV can be developed, effective protection of high-risk infants against was completed. The left lingular region of each lung was placed in formalin, embedded in paraffin, sectioned (5 p), and stained and hematoxylin and eosin. These sections were rank ordered blindly based on overall assessment of histopathology. The remaining lung tissue was homogenized and assessed for virus titer. Otherwise identical experiments were performed in which IVIG administration was delayed until day 3 after RSV intranasal challenge. In order to rule out in vitro neutralization of RSV by IVIG or ribavirin that might be present in lung tissue at the time that the lungs were harvested, parallel experiments were performed in which cotton rats were assigned to groups 1-4 as noted above, but the animals were not challenged with RSV. Instead, lungs from these animals were harvested, homogenized, and serially diluted 2-fold in 96-well microtiter plates, and 35 TCIDso of RSV were then added to each well. After plates were maintained 2 h at room temperature, 0.05 ml of a suspension of HEp-2 cells (lo4 cells/ml) were added to each well. At the end of a 7-day incubation period at 37" C in a humidified incubator with 5% C02, the extent of inhibition of the challenge virus by lung homogenates from each group was determined.
Virus. The Long strain of RSV, propagated in HEp-2 cells, was used in all experiments.
Virus assay. Lungs were homogenized in 1 ml of Earle's MEM (Gibco, Grand Island, NY) supplemented with 5% fetal calf serum (Gibco) and assayed immediately for the presence of RSV. Briefly, half loglo dilutions of lung specimens were added in duplicate to monolayers of HEp-2 cells (Flow Laboratories, McLean, VA) grown in 16-mm diameter wells. After a 60-min adsorption period at 37" C in a 5% C 0 2 atmosphere, Earle's MEM containing 5% fetal calf serum was added, and the plates were placed in a 37" C (5% C02) incubator for 5 days. At that time the monolayers were fixed and stained with 0.5% aqueous crystal violet in 70% methanol and SFU counted. Viral titers were expressed as loglo SFU/lung.
Immune sera. Gamimune (Lot no. 45N18; Cutter Biologicals, Berkeley, CA), a preparation of purified human IgG with a RSV neutralizingantibody titer of 1:3 162, was used in all experiments.
Ribavirin administration. Ribavirin (Viratek, ICN Pharmaceuticals, Costa Mesa, CA) was prepared as a 15 mg/ml solution and delivered by small particle aerosol generated by a Collison nebulizer over 18 h, as previously described (10, 11) .
Antibody assay. Anti-RSV antibody in cotton rat sera was measured by modification of a microneutralization assay previously described (12) . Briefly, all sera were heated at 56" C for 30 min prior to testing. Duplicate 0.025-ml volumes of 2-fold serum dilutions of the heat-inactivated sera were then prepared in 96-well plates and mixed with equal volumes of a RSV pool containing approximately 100 TCIDSo per 0.025 ml. After 2 h at room temperature 0.05 ml of a suspension of HEp-2 cells (lo4 cells/ml) was added to each well and the plates were incubated at 37" C in a humidified incubator with 5% COa. The test was read each day for 5 days. Titers were defined as the reciprocal of the last dilution of antisera that reduced SFU 250% as compared to the mean number of SFU in virus control wells.
Antiviral efect ofIVIG and ribavirin in vitro. The effects of IVIG and ribavirin alone and in combination on RSV infection in tissue culture were studied. Gamimune was diluted with PBS (pH 7.2) to a starting concentration providing an RSV neutralizing titer of 1:8. Ribavirin was similarly diluted to a starting concentration of 40 pg/ml. Two-fold dilutions using MEM supplemented with 5% fetal calf serum were made with each agent alone and with respect to each other in 96-well microtiter plates. One hundred TCIDSo of RSV were added to each well. After incubation at room temperature for 2 h, HEp-2 cells were added to each well and plates were incubated at 37" C (5% C02) for 5 days at which time each well was observed for cytopathic effect. Titer was defined as the reciprocal of the last dilution of antiserum (log2), ribavirin, or a combination of the two which reduced SFU 250% in comparison to virus plus medium controls.
Statistics. GMT, SD, x2, and F tests were performed as described by Sokal and Rohlf (13) . Bonferroni x2 tests, t tests, or
Wilcoxon rank sum tests were performed on paired groups (14) .
RESULTS
Cotton rat sera from animals which received IVIG 24 h prior to virus challenge (groups 1 and 3) demonstrated an RSV neutralizing antibody GMT (log2) of 4.9 and 5.0 + 1.4, respectively, on the day of challenge (day 0) and a GMT of 3.8 and 3.5 + 1.0, respectively, on the day of sacrifice (day 4). Sera from untreated cotton rats or animals that received ribavirin alone did not demonstrate detectable RSV neutralizing activity (Table I) .
Virus titers and the percentage of cotton rats in each group which had virus isolated from lung tissue are shown in Table 2 .
Initial analysis using the x2 test indicated that there were significant differences between groups (x2 = 27.6, p < 0.00 1). However, among groups treated with either IVIG or ribavirin alone, the number of animals with detectable virus in lung tissue did not differ significantly from the untreated group. In contrast, the group of cotton rats treated with both IVIG and ribavirin had significantly fewer animals that had detectable lung virus titers when compared to groups of untreated animals or to cotton rats treated with either agent alone ( p < 0.001, p < 0.005 using Bonferroni x2).
Differences in lung virus titers were observed between groups of animals (F = 36.57, p < 0.001) ( Table 2 ). Animals receiving ribavirin or IVIG alone had significantly lower titers of RSV in lung tissue than untreated animals ( p < 0.003, Bonferroni twotailed t test) but were not significantly different from each other. Animals that received both agents, however, had significantly lower virus titers than untreated animals ( p < 0.001) or animals receiving either IVIG or ribavirin alone ( p < 0.005). When IVIG administration was delayed until day 3 after RSV challenge, the group of cotton rats treated with both IVIG and ribavirin still had fewer animals with detectable lung virus. In addition, lung virus titers were lowest in animals that received both agents. However, these results were not statistically significant when compared to results obtained from animals which received either ribavirin or IVIG alone (Table 3) . Normal cotton rat lung histology is shown in Figure 1 . Histopathologic examination of lung tissue from untreated animals and from those receiving ribavirin alone revealed peribronchial None ( I 6) <2 <2 *Titer = reciprocal of the last dilution (log2) which produced a 50% or greater reduction in syncytia in comparison to virus + media controls. and peribronchiolar inflammatory infiltrates with ballooning, cl'umping, and exfoliation of eosinophilic epithelial cells. Little difference in the histopathology of the lungs in these two groups was observed (Figs. 2 and 3) . IVIG administration appeared to protect against tissue damage, as evidenced by preservation of lung architecture and reduction in pulmonary inflammatory infiltrates which were most prominent in animals receiving both IVIG and ribavirin (Fig. 4) . Lungs from cotton rats that received IVIG prior to RSV challenge followed by ribavirin therapy on day 3 demonstrated histology which was difficult to distinguish from that of uninfected lungs.
Parallel experiments performed in animals that were not challenged with RSV revealed that in vitro neutralization of added virus (35 TCID,,) by homogenates of lungs from treatment groups was no different than that produced by homogenates of lungs from untreated animals ( Table 4 ). These data suggest that reduction of viral titers observed in treatment groups was not due to in vilro inactivation of virus by residual IVIG or ribavirin in harvested lungs, but rather represented an in vivo effect.
We performed in vitro tests to look for synergistic or additive effects when ribavirin and IVIG were combined. Gamimune was diluted to a concentration providing an RSV neutralizing titer of 1% (A 1:16 dilution of the preparation did not inactivate virus.) Ribavirin alone inactivated RSV at a concentration of 20 pg/ml but 10 pg/ml did not limit viral replication in HEp-2 cells. However, the combination of a 1 : 16 dilution of the above IVIG preparation and 10 pg/ml of ribavirin prevented viral cytopathic effect in HEp-2 cells. Further dilution of either agent in combination with a fixed concentration of the other failed to inactivate the virus. Therefore in vitro additive effect of the two agents in combination was minimal.
DISCUSSION
In 1973, Parrott et al. (15) observed that infants less than 2 months of age who had high titers of maternally derived anti-RSV serum antibodies experienced bronchiolitis less frequently than older infants who had lower levels of serum antibodies. Subsequently, Glezen et al. (12) and others (17) demonstrated that RSV disease occurs less often and is less severe in infants with high levels of passively acquired maternal RSV antibodies. Experiments in the cotton rat indicated that a high titer of passively administered serum RSV neutralizing antibody protected the lungs against infection with RSV and that the levels of serum antibody correlated with resistance to infection (16). In subsequent experiments passive inoculation with IVIG provided significant protection against RSV lung infection in the cotton rat (3) and significantly reduced amounts of virus shed from the noses and airways of RSV-infected owl monkeys (4) .
Although purified IVIG preparations with high titers of anti-RSV neutralizing activity might be useful in protecting high-risk infants, some investigators have reported considerable overlap in the level of maternally derived serum neutralizing antibodies among infants who develop severe RSV disease and those who do not (17). This finding suggests that administration of IVIG containing RSV neutralizing antibody may not provide uniform protection for high-risk infants and combination therapy with another agent active against RSV might prove to be more effective.
Ribavirin ( 1 -P-D-ribofuranosyl-1,2,4-triazole-3-carboxamide), a synthetic nucleoside that is a structural analog of guanosine, has shown promising activity against RSV in vitro and in vivo. This drug when delivered by aerosol reduces the amount of RSV in lung tissues of experimentally infected cotton rats (6) and appears to ameliorate human infection with particularly striking improvement in arterial oxygen pressures in infected infants (9) . However, subjective improvement is often subtle (8) , and in one study the proportion of patients shedding RSV from their nasal secretions during the first 3 days of ribavirin therapy did not differ from a group receiving placebo (9) . Combination of ribavirin with another agent might provide improved protection against RSV infection.
In the current study we investigated whether administration of IVIG in combination with ribavirin therapy by small particle aerosol provided advantages over either agent alone against RSV infection in the cotton rat. GMT of anti-RSV specific neutralizing antibody in serum of cotton rats who received IVIG were comparable to passively acquired antibody titers of infants protected against severe RSV disease (12). Animals who received IVIG or ribavirin alone showed a significant reduction in amounts of virus isolated from lung homogenates, but numbers of animals with detectable virus did not differ from untreated animals. In comparison, animals treated with both IVIG and ribavirin had significantly lower lung viral titers than untreated animals or animals treated with either agent alone, and only one of 12 (8%) cotton rats who received IVIG prophylaxis followed by ribavirin therapy on day 3 had detectable virus in lung tissue at the time of sacrifice. This latter regimen appeared to preserve normal lung histology. These results could not be explained by in vitro inactivation of virus, nor was an in vitro additive effect demonstrable between IVIG and ribavirin. We obtained similar results when IVIG administration was combined with ribavirin therapy on day 3, although results were less striking; three of eight (38%) cotton rats who received combination therapy had detectable lung virus at the time of sacrifice and mild pulmonary histopathology was noted. A possible interpretation of the above findings is that human anti-RSV IgG antibody combined with cellular or humoral immune responses of the cotton rat to limit RSV replication and that ribavirin therapy following infection neutralized the remaining low titer of virus. This interpretation is supported by the fact that animals that received IVIG ~r i o r to RSV infection demonstrated less histopathology than animals that did not, and animals that received both ribavirin and IVIG had the greatest preservation of normal lung appearance. Further studies are indicated to determine how IVIG and ribavirin interact with local antibody and cellular elements (e.g. macrophages, cytotoxic T cells) to limit RSV infection.
The success of IVIG combined with ribavirin in eradicating RSV and protecting the lungs of cotton rats may have important implications for successful intervention against RSV infection in high-risk infants. A potential strategy would be to administer IVIG prophylaxis to high-risk infants at a time when RSV is identified in the communitv in the hope of preventing RSV infection. Infants who develop RSV illness despite proprhylaxis could then be treated with ribavirin. Alternatively, IVIG and ribavirin could be administered in combination during established RSV infections of high-risk infants. Experience with combination therapy in the cotton rat suggests that such strategies may prove more effective than those that rely on either IVIG or ribavirin alone. Clinical trials are indicated to determine the best approach.
